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Abstract

A non-invasive sensor equipped with a programmable thermostat has been developed to assess in vivo the heat flow transmit-
ted by conduction from human skin to the sensor thermostat. This device enables the assessment of the thermal properties of
a2x2 cm? skin surface with a thermal penetration depth of 3—4 mm. In this work, we report the thermal magnitudes recorded
with this sensor in 6 different areas (temple, hand, abdomen, thigh, wrist and heel) of 6 healthy subjects of different genders
and ages, which were measured under resting conditions. Heat flow and equivalent thermal resistance are proportionally
related to each other and are highly variable in magnitude and different for each zone. The heat capacity is also different for
each zone. The heat flow values varied from 362+ 17 mW at the temple to 36+ 12 mW at the heel for the same subject, when
the sensor thermostat was set at 26 °C. The equivalent thermal resistance ranged from 23 +2 K W~ in the volar area of the
wrist to 52+4 KW~! in the inner thigh area. The heat capacity varies from 4.8 +0.4 J K~! in the heel to 6.4+0.2J K~ ! in
the abdomen. These magnitudes were also assessed over a 2 x 1 cm? second-degree burn scar in the volar area of the wrist.
The scar area had 27.6 and 11.6% lower heat capacity and equivalent thermal resistance, respectively, allowing an increased
heat flow in the injured area. This work is a preliminary study of the measurement capacity of this new instrument.

Keywords Direct calorimetry - Heat conduction calorimeters - Human heat flow - Medical calorimetry - Non-differential
calorimeters - Physiology - Skin thermal properties

Introduction temperature; and thermal conductance the heat flow that can
be transferred through the system. In medicine, the assess-
The thermal state of a system is characterized by several =~ ment of skin temperature allows for detecting and monitor-

magnitudes. The most relevant of such magnitudes is tem-  ing fever [1] and some pathologies such as allergies [2],
perature, but the heat capacity and thermal conductance are tendinitis [3], inflammations [4] and skin cancer [5].
also of interest. Temperature describes the internal energy of Global measures of heat flow can be obtained by indirect

the system; heat capacity the energy necessary to increase its  calorimetry and are used to assess the resting metabolic rate
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[6-8], which is altered in several conditions [9]. Heat flow
sensors are often used to determine the heat flow in a spe-
cific area. These sensors have been used to study vasocon-
striction and vasodilation [10], evaluate the thermoregula-
tory responses of the human body [11], design prototypes for
research [12] and study of thermal comfort [13].

The heat capacity is usually determined from tissue sam-
ples using calorimetric instruments such as the differential
scanning calorimeter (DSC) [14, 15]. Thermal conductance
can be determined by several techniques. One application of
these data is the formulation of biothermal models [16—18].
The in vivo measurement of skin thermal conductance has
been developed over several decades, although new methods
are still being developed [19, 20]. The in vivo measurement
of heat capacity is a less developed field. One recent work
is the Webb’s ultra-fine contact matrix [21]. Generally, the
response of the skin to a power dissipated by the sensor is
studied. In the first case [20], the depth of thermal penetra-
tion is 0.9 mm, and in the second [21], it is 0.5 mm.

New sensors adaptable to the skin are currently being
developed to obtain non-invasive thermal measurements in
humans [22-24]. When an instrument is placed on the skin,
the device alters the skin temperature, making technologies
such as infrared thermography highly advantageous for tem-
perature detection. However, determining the heat capacity
requires providing energy to the system and measuring the
change in temperature; similarly, determining the thermal
conductance requires to elicit a heat transfer. In both cases,
these measurements involve altering the system and assess-
ing its response. This is the operating principle of several
calorimeters and thermal analysis instruments. Thus, meas-
uring skin temperature, heat capacity and thermal conduct-
ance at the same time can be counterproductive. When the
thermal alteration produced is large, the heat capacity and
thermal conductance will be determined more accurately,
but at the cost of altering physiological processes. This

problem may be circumvented by inducing a known and
controlled alteration of temperature that allows obtaining
the heat capacity and thermal conductance with an accept-
able resolution, without significantly modifying the physi-
ological processes.

For this purpose, we designed a calorimetric sensor to
measure the heat flow, heat capacity and equivalent ther-
mal resistance of a 4 cm? skin area with a depth of thermal
penetration of 3—4 mm. The sensor is based on a thermopile
with a programmable thermostat that has lateral thermal
insulation to minimize the effects of convection and radia-
tion during the measurement [25, 26].

The main objective of this investigation was to evaluate
the measurement capacity of this new sensor, by conducting
experiments in human subjects. In this work, we determined
the variability of the thermal properties of the skin in differ-
ent areas of the human body, in volunteers assessed under
resting thermoneutral conditions. To get further insight into
the potential applicability and sensitivity of the sensor, we
also assessed these properties in a skin area with a second-
degree 2% 1 cm? burn.

This article begins with the description of the experi-
mental equipment and the method used to determine the
heat flow and the thermal properties of the skin. The results
obtained in healthy and resting subjects are next presented.

Material and methods

Experimental system

The characteristics of the sensor have been reported previ-
ously [25, 27]. Figure 1 shows a picture of the device (a), a
section of the sensor (b) and a diagram of the calorimetric
model (c).

Fig.1 a Sensor at its base. b
Sensor constructive diagram.

¢ Model of the calorimetric
sensor. (1) Measuring plate, (2)
measuring thermopile, (3) ther-
mostat, (4) cooling thermopile,
(5) aluminium heatsink, (6) fan,
(7) thermal insulation, (8) dis-
sipation domain, (9) thermistor
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The main element of the sensor is a measurement thermo-
pile that provides the calorimetric signal. This thermopile
(part 2 in Fig. 1b) is located between a thermostat (part 3
in Fig. 1b) and an aluminium plate (part 1 in Fig. 1b). This
aluminium plate is the part of the sensor that contacts with
the skin (part 8 in Fig. 1b). The thermostat cooling system
consists of a cooling thermopile, a heatsink and a fan (parts
4,5 and 6 in Fig. 1b). A potential lateral heat transfer is
minimized by a thermal insulation made of polystyrene cov-
ered with a reflective aluminium layer (part 7 in Fig. 1b). A
thermistor (part 9 in Fig. 1b) measures the skin temperature
in the vicinity of the sensor. The instrumentation required to
operate the sensor is a programmable power supply (Agilent
E3631A, 80 W Triple Output Power Supply, 6 V, 5 A and
25V, 1 A) and a data acquisition system (Agilent 34970A
Data Acquisition/Data Logger Switch Unit and an Agilent
4901A 20-Channel Multiplexer). These instruments are con-
nected to a Laptop through a GPIB bus (Agilent 82357B
USB/GPIB Interface). A program developed in Microsoft
Visual C++ controls the instrument and stores all measured
variables, with a sampling period of half a second.

Q(s)

AY(s) 1 [k(Cys+ Py) —k(Cys+Py) k(P,C,—P,C))s
P, Cys+ Py, + P, Py(Cis+ P, +P))+ PPy,

AT,(s)

being, O(s) = (Cys+ Py + Pp,) (Cos + Py + Pyy) — P3,

Table 1 Values of the parameters of the model Eq. (1) obtained in the
calibration base

CHK Kt Py P/ P,/ k/mV K
mWK?!' mWK' mwK!
3.00 3.98 33.38 96.07 64.83 19.02

equations of the model that relate the inputs to the outputs
are the result of the energy balance of each domain consid-
ered. The power developed in a domain is equal to the power
that modifies the temperature of the domain plus the powers
transmitted by conduction to the environment and neigh-
bouring domains. The heat capacities of each domain are
considered C, (the calibration base or human skin) and C,
(the thermostat). The thermal conductance between domains
(P},) and that between each domain and the environment (P,
and P,) have also been considered. With these considera-
tions, the system of Eq. (1) is obtained [27]. This system,
written in the Laplace space, consists of six transfer func-
tions that have the same denominator Q(s), that is, the same
poles and different gains and zeros.

AW,

AW, M

0

Sensor model

The sensor works by controlling the thermostat temperature
once in contact with the skin. To relate the thermal magni-
tudes (heat flow, heat capacity and equivalent thermal resist-
ance) with the variables measured by the instrument, it was
necessary to develop a sensor operating model. This model
relates the inputs of the system, i.e., the power transmitted
by the human body or heat flow (W,) and the power of the
thermostat (W,), with the outputs, that is the calorimetric
signal (y) and the temperature of the thermostat (75,). We
employed the so-called localized constants thermal model,
which is commonly applied in thermal devices [28]. Fig-
ure 1c shows a schematic of the model in which three ele-
ments are considered: the cooling system, the thermostat and
the place where dissipation takes place. Initially the sensor is
located on its base to obtain the baseline signals. When the
sensor reaches the steady state for a programmed thermostat
temperature, the sensor is rapidly placed on the skin, which
usually has a higher temperature. This increased in ambient
temperature surrounding the sensor is represented by AT,
which is the third entry in the experimental system. The

Sensor calibration consists of determining the model
parameters (k, C,, C,, P, P}, and P,). All of them are invari-
ant except the parameter C, that represents the heat capac-
ity of the domain where W, dissipation occurs. When the
sensor is at its base, C,; is the heat capacity of the domain
where the electrical calibration resistance is located. When
the sensor is on the skin, C, represents the heat capacity of
the area of the skin involved in the measurement. In order
to calibrate the sensor, known heat dissipations are tested in
the calibration base. Table 1 indicates the values obtained
in the calibration.

Device operation

Initially the sensor is located on its calibration base. When
the thermostat reaches the steady state for a temperature of
26 °C, the sensor is rapidly applied to the skin. For 5 min,
the thermostat remains at 26 °C. While the sensor is still on
the skin, the temperature of the thermostat increases linearly
to 36 °C at a rate of 4 K per minute (2.5 min). Finally, the
sensor is kept on the skin for another 5 min with the thermo-
stat at a constant temperature of 36 °C. For each thermostat
temperature the heat flow of the human body is different.
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Fig.2 Experimental measurement of heat flow in the volar face of
the right wrist of a 62-year-old, healthy man. a and b Heat flow and
power dissipated in the thermostat. ¢ Experimental calorimetric sig-
nal (blue) and calculated (red) with the model. d Experimental tem-
perature of the thermostat (blue) and calculated (red) with the model.
T, is the ambient temperature surrounding the sensor. (Color figure
online)

The heat flow and the thermal properties of the skin are
determined using an iterative minimization algorithm [27]
that adjusts the experimental curves with those obtained by
the model given by Eq. (1). The experimental curves are the
calorimetric signal, the power dissipated in the thermostat
and the temperature of the thermostat. The invariant param-
eters of the model (C,, P,, P,,, P, and k), whose values have
been determined during the calibration process (Table 1), are
also input data in the calculation algorithm. See an appli-
cation example in Fig. 2 corresponding to a measurement
carried out in the volar area of the right wrist of a healthy
62-year-old man at rest.

The calculated heat flow is shown in Fig. 2a and the
power dissipated in the thermostat is shown in Fig. 2b. The
fit between the experimental calorimetric signal and that
calculated by the model is shown in Fig. 2c. In Fig. 2d,
the fit between the experimental curve of the thermostat
temperature and the calculated one is shown. The same
figure represents the ambient temperature surrounding the
sensor (7). The ambient temperature was 23.4+0.1 °C
for this measurement and the cooling system produced a
decrease in temperature of 10 °C, that is, T,y = T,yom—10
(see Fig. 1c).

@ Springer

The heat flow

The heat flow transferred from the skin to the sensor is the
response to the disturbance produced by the placement of
the sensor on the skin. A positive heat flow indicates trans-
fer of energy from the human body to the sensor and vice
versa, and a negative heat flow indicates gain of heat by the
body. The disturbance produced by the sensor is systematic
and depends on the temperature of the thermostat, which is
programmable.

When the sensor is placed on the human body surface,
the measured heat flow is proportional to the heat flow dissi-
pated by the skin under natural circumstances. For example,
in a subject that dissipates 87 W at rest, 20% lost by evapora-
tion and 25% by respiration [29], the heat flow transferred
by conduction through the skin is 48 W. Assuming a body
surface area of 1.7 m?, we obtain 10-12 mW in 4 cm?. This
corresponds to the heat flow in its baseline state when the
sensor is not in contact with the skin. However, the heat flow
measured with the sensor in contact with the skin is about
210 mW for the thermostat at 26 °C. This experimental
result is explained by the increase in the heat flow transmit-
ted by conduction, which is proportional to the difference
in temperatures and inversely proportional to the thermal
resistance of the system. In the case of the skin—sensor ther-
mostat system, this thermal resistance is 10.41 KW' [27].
In the skin—air system, for a closed environment with no
perceptible air current, the thermal resistance is~220 K W™!
[30]. Consequently, the heat flow measured by the sensor is
around 20 times higher observed under natural conditions,
i.e., for a skin-to-air transfer. This is the reason why when
touching a metal surface, some cold is felt, even if the metal
is at a temperature equal to that of the environment. This
sensation of cold is due to net heat flow transferred from the
skin to the metal facilitated by the high thermal conductiv-
ity of metals.

The initial transient of the heat flow (Fig. 2a) is repre-
sented by a decreasing exponential of amplitude A; and
time constant 7;. This transient is due to the instantaneous
contact between two surfaces at different temperatures: the
skin surface and that of the sensor. The steady-state heat
flow for the thermostat temperature of 26 °C is Ayys. We
assume that increasing the thermostat temperature produces
a linear decrease in heat flow. When the final temperature
of the thermostat is kept constant at 36 °C, we consider that
the heat flow remains constant at a value A Equation (2)
represents the hypothesis considered for the heat flow W, (7).

W@ =0 for t<t
W,(t):A]-exp(—(l—tl)/‘rl)+A026 for 1, <t<t,
Wi (1) = Agg + (Agzs — Angs) - (1= 1) /(13— 1) for 1, <1<13
Wi(H) = Apse for t; <t <t,q
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Fig.3 Heat flow in the dorsal area of the hand of a healthy
24-year-old man at rest. The circles of the same colour are con-
secutive measurements, spaced 30 min apart. Each measurement
corresponds to thermostat temperatures of 24, 28, 32 and 36 °C.
=24.4+0.2 °C. (Color figure online)

Troom

In Eq. 2, ¢, is the instant at which the device is applied
on the skin, £, is the instant at which the temperature of the
thermostat begins to increase linearly, and 5 is the instant at
which the linear variation ends and the temperature remains
constant. Lastly, the final instant of the measurement is rep-
resented by ¢,

end*

The equivalent thermal resistance

In different measurements taken with the thermostat at con-
stant temperature [26], it was verified that the cutaneous heat
flow decreases linearly when the thermostat temperature
increases. Figure 3 shows an example of this experimental
fact.

In Fig. 3, the heat flow in the dorsal area of the hand
of a healthy 24-year-old man at rest is represented for dif-
ferent thermostat temperatures (24, 28, 32 and 36 °C).
Circles of the same colour are consecutive measurements
spaced 30 min apart. This linear relationship between the
thermostat temperature and the heat flow allows defining
an equivalent thermal resistance (Req) of the skin area as
the quotient between the increase in the thermostat tem-
perature (T, — T5,) and the difference of heat flow at each
temperature (W,, — W,,). From this value, we subtract the
thermal resistance of the sensor: R, ... = 1/P,,. Equation (3)
expresses its application to the experimental measure rep-
resented in Fig. 2.
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Fig.4 Sensor operation simulation for C;=4J K~' and ;=8 J K7\,
a Heat flow, b power dissipated in the thermostat, ¢ calorimetric sig-
nal and d temperature of thermostat 7}, and temperature surrounding
the sensor 7|
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0290—0.016 _ '° 6086 KW
(3)

R

The heat capacity

Currently, the heat capacity of a substance is mainly deter-
mined using differential scanning calorimetry (DSC), whose
operation consists in causing a linear variation of the sub-
stance’s temperature. This gives rise to a step-type calori-
metric signal whose amplitude is constant and proportional
to the heat capacity and the rate of the temperature change.
Although our sensor operates in a similar way, it is non-
differential and therefore the calorimetric response is a step-
in ramp.

Figure 4 shows a simulation of the sensor operation for
the case of two different heat capacities C;=4 J K~! and
C,=8 K. In Fig. 4b, the power W,(t) required to maintain
the thermostat temperature is shown. The lower the heat
capacity, the less the energy is needed to increase the tem-
perature. Figure 4c shows the difference between the calori-
metric curves for each heat capacity. These differences allow
obtaining C,. In this simulation, we have considered the
amplitude of the initial heat flow transient A; =1.5 W with
a time constant 7, =9 s (see Eq. (2)). The heat flow consid-
ered for 26 °C is 200 mW and 0 mW for 36 °C. The variation
of the thermostat temperature is from 26 to 36 °C in 150 s.

@ Springer



7390

P.J. Rodriguez de Rivera et al.

An ambient temperature of T,,,,, =24 °C is considered, and
the cooling system produces a decrease of 6.5 °C, that is,
T.q=17.5 °C. The simulation generates signals similar
to the experimental ones. Equation (1) relates the signals
to the heat flow through the model parameters (Table 1).
The calculation algorithm determines the heat flow and the
heat capacity C;, which depends on the measured area. For
the case of the experimental measure represented in Fig. 2,

C,=551TKL.

Table 2 Anthropometric characteristics of subjects

Data analysis

Experimental results were obtained in six areas of the
skin of the human body (temple, hand, abdomen, thigh,
heel and wrist) in 6 healthy subjects, at rest, sitting and
dressed normally. The blood pressure and heart rate were
measured before and after each measurement, obtaining
unaltered normal resting values in all cases (Omron M3
Tensiometer HEM-7154-E). The ambient temperature
(22-24 °C) and relative humidity (50-60%) were also
measured (Digoo Weather Station DG-TH8380). Meas-
urements were taken in a closed room, without perceptible
air currents. Each measurement was repeated four times to

Subject Sex Agelyears Mass/kg Height/m determine its uncertainty. Experimental data are presented
as mean + standard deviation (SD). The linear relation-
1 Male 62 71 1.60 . . .
ships were assessed by simple regression. The degree of
2 Male 29 68 1.72 . . ..
linearity and goodness of fit were assessed by determining
3 Male 26 83 1.77 s . .
4 Femal 7 63 166 Pearson’s correlation coefficient, the root mean squared
emate ' error (RMSE) and the adjusted R?. For the assessment
5 Female 31 74 1.49 . , .
of differences between samples, the Welch’s ¢ test is car-
6 Female 23 53 1.61 . . .
ried out. The test output is 1 when the difference between
Table3 Body heat flow foreach 7, Subject 1 Subject2  Subject 3 Subject4  Subject 5 Subject 6
thermostat temperature, A,
anq Ag3e: equivalent thermal ) Body heat flow A(,¢/mW (thermostat at 26 °C)
resistance R,q and heat capacity Temple  323+15 27946 362417 2944 15 339413 29348
C,. Mean values + standard
deviation are shown for each Hand 282424 171438 241+ 14 300+18 20742 221422
subject and zone Abdomen  278+8 224+18 198 +24 195+29 205+17 341429
Thigh 195+22 200+7 180+11 166 +20 160+17 212+38
Heel 84+18 —-40+22 36+12 105 +22 6+18 19+28
Wrist 296 +20 - 322+25 - - -
Body heat flow Aj;¢/mW (thermostat at 36 °C)
Temple 74+12 64+4 107 £5 18+7 130+7 60+6
Hand 35+18 —-58+32 15+7 38+14 —-12+41 —-27+24
Abdomen 52+13 26+10 —-8+43 —-28+28 12+18 88+13
Thigh 9+12 2010 —-11+5 -20+4 -2+10 42+28
Heel —-109+15 —-222+17 —177+20 —-109+21 —-177+14 —-172+16
Wrist 29+15 - 29+23 - - -
Equivalent thermal resistance, R, /W K
Temple 299+2.4 36.3+1.7 29.0+2.7 36.1+3.6 37525 32.6+2.1
Hand 289+1.3 33.5+34 339+2.1 27.8+5.1 353+19 30.4+5.0
Abdomen 34.0+14 40.0+2.9 323+1.8 345+1.4 42.1+5.6 29.2+2.7
Thigh 43.4+3.2 452422 422422 43.8+5.5 51.6+3.9 48.8+5.2
Heel 414+1.2 44.8+3.0 38.1+2.3 36.2+0.4 443+2.4 42.1+3.5
Wrist 273+2.4 - 233+1.6 - - -
Heat capacity, C,/J K™
Temple 5.81+0.24 5.94+0.31 5.47+0.31 5.53+0.13 4.68+0.41 6.27+0.10
Hand 5.43+049 5.32+0.21 5.36+0.16 5.05+0.53 5.34+0.19 5.59+0.07
Abdomen 5.58+030 5.69+0.32 6.30+0.19 6.38+0.17 5.83+0.42 5.96+0.40
Thigh 5.80+0.06 540+0.18  5.47+0.09 5.79+0.16 5.77+0.16 5.41+£0.22
Heel 4.98+0.22 476+0.36 4.92+0.14 5.18+0.24 4.81+0.43 4.97+0.20
Wrist 5.67+039 - 6.08+0.22 - - -

@ Springer



Heat flow, heat capacity and thermal resistance of localized surfaces of the human body using...

7391

Stationary heat flux

(a) 400 , .
® Temple
® Hand
3001 Abdomen p
® Thigh 026
; 200 ® Heel
c e Wrist ®
o L) Ad
3100 o
< @
© )
s ol )
N e o o%
< o L 4
-100 ",Q
A
“ 036
-200r 0% @ 1 Exo
/.. L 1 1 1
2 4 6 8
7-skin - 7-room 1°C

Fig.5 a Heat flow for different thermostat temperatures of 26 °C and 36 °C (A, and A ;) versus (T, —
are indicated in Table 4. b Transient contact energy (A,z,) versus (T,). Average T,

samples is significant and 0 when it is not. In all cases, the
significance level was set at p < 0.005.

Results and discussion

This section presents the experimental results. Table 2
shows the anthropometric characteristics of the subjects.
The thermal results obtained are shown in Table 3 and
discussed below. Section 4 presents a temporal study of
the second-degree burn on the wrist of subject 1.

Heat flow discussion (A,q, Ay A, and T,)

Applying the sensor to the skin causes a drop of skin tem-
perature in the measurement area, since initially the ther-
mostat is at 26 °C. The thermistor installed in the device
reads the skin temperature during the measurement. We

defined T, as the mean value of the skin temperature

Transient contact energy

b 30 T T T T T
(b) ® Temple ® ; s
®
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257 Abdomen o .. 1
® Thigh o2, &% .
L @ (] o
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Qoo °
Qe
0r ) 1
~‘ 1 Exo
_5 [ . ] ! ! ;
22 24 26 28 30 32 34
7-skin/OC
T,oom)- Linear adjustment parameters

=23°C

oom

when the thermostat is at 26 °C. This temperature is
slightly lower than the physiological skin temperature
at rest in a thermoneutral environment. The T;, values
were 31.6+0.7 °C at the temple, 31.5+0.7 °C at the
wrist, 30.1+0.9 °C at the thigh, 29.6 + 1.3 °C at the hand,
28.8 +£0.7 °C at the thigh and 25.1 + 1.1 °C at the heel.

In Fig. 5a, the values of the heat flow for the two ther-
mostat temperatures (A, and A;e) are represented versus
the temperature difference between skin and environment,
Tgin—T:oom- In Fig. 5b, the transient contact energy that
is transferred from the sensor to the skin (or vice versa)
is represented as a function of the skin temperature. This
energy is determined as the integral of the heat flow above
the stable value, whose value is the product of Az, (see
Eq. (2)). This integral corresponds to the area under the
initial peak of the heat flow W, (see Fig. 2a).

As shown in Fig. 5a, heat flow was greater when the
thermostat is at 26 than 36 °C. When the thermostat was
set at 26 °C, all values were positive except for some
cases in the heel. At 36 °C, all values at the temple were

Table 4 Parameters of the linear

adjustment of the heat flow Model adjusted T rhermostat! “C a/lmW bmW K1 Adjusted R? RMSE/mW
(Fig. 5a) Ape=a+b26 - 136 52 0.95 2
(Tskin - Troom)
Apg=a+b36 -290 43 0.91 25

(Tskin - Troom)

RMSE root mean square error
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positive; in the abdomen, hand and thigh, 60% were posi-
tive, in the wrist 85% are positive, and in the heel, all were
negative. On the other hand, the lowest skin temperature
was measured at the heel (lower values) and the highest at
the temple (greater values).

The heat flow can be positive, even at skin temperatures
below that of the thermostat. This occurs because the sensor
stabilizes with a nearby area below the skin surface which
must be at a higher temperature than the surface of the skin
and the thermostat. As expected, the heat flow is propor-
tional to the Ty —T,,,, temperature difference. The regres-
sion lines are shown in Fig. 5a and the parameters of each
adjustment in Table 4.

The heat flow was different in each zone. The mean value,
for the thermostat at 26 °C, considering all the subjects, is
315 mW at the temple, 309 mW at the wrist, 240 mW at
the abdomen, 237 mW at the hand, 186 mW at the thigh
and 48 mW at the heel. The greatest heat flow occurred in
the temple and the lowest in the lower extremity (thigh and
heel). On average, the greatest variability of heat flow was
detected in the arm and the smaller in the temple.

There were also sex and age differences. On average,
men dissipate about 8% more than women, although in this
study this difference is not significant. Regarding age, in
the abdomen, temple and thigh, dissipations were similar
in all subjects. However, in the hand, heat flow in older
(> 50 years, n=2) is 34% greater than in younger people
(<30 years, n=4). And in the heel, young subjects had
a heat flow close to 0 or negative (mean 3 mW), while
in older subjects it is remarkably higher (mean 93 mW).
Welch’s ¢t test has been used to evaluate the difference
between samples for each zone (see Table 5).

Regarding the transient contact energy, it is also pro-
portional to the temperature of the skin, showing a behav-
iour similar to the that of the stationary heat flow. This

magnitude is obtained from a transitory phenomenon, and
therefore, its variability is very high.

These observations are consistent with the hypotheses
on skin thermodynamics put forward by other authors
[30-33].

Heat capacity discussion (C,)

Figure 6 shows the heat capacity the skin areas tested versus
skin temperature, T;,. Each experimental cloud of points is
represented by different colours. A series of measurements
taken in the first week on a second-degree burn on the wrist
is also depicted. The characteristics and the study of this
lesion are described in “Temporal thermal study of a second-
degree burn on the wrist” section.

The heat capacity ranges from 4.1 to 6.6 J K=!. In all
areas, the standard deviation is similar, although it is slightly
higher at the temple. The thermal properties measured by
the sensor are a combination of the thermal properties of
the tissues that compose the studied area. Table 6 shows
some reference values for specific heat capacity, thermal
conductivity and density of different tissues. We define the
thermal penetration depth as the depth of the tisular region
whose temperature is modified by the instrument [20].
This value indicates the spatial zone of the skin involved
in the measurement. The thermal penetration depth of the
sensor can be estimated from the relation between the heat
capacity assessed by the sensor and the heat capacity refer-
ence of the tissue. A simplified estimation can be done by
considering a 2 x 2 cm? prism with a depth of 0.3-0.4 cm
[27]. Considering an average value of specific heat capacity
of 3.39 kJ kg~! K™! and an average density of the skin of
1.11g cm™ (Table 6), we obtained, for each depth (0.3 and
0.4 cm), heat capacities of 4.5-6.0 J K~ !, values of the same
order of magnitude that the experimental results obtained.

Table 5 Heat flow comparison

(thermostat at 26 °C) between Zone Subjects > 50 years (x;) Subjects 30 < years (x,) Welch’s ¢ test p value
old (x,) and young (x,) subjects n Heat flow/mW n, Heat flow/mW
for each zone (n; is the sample
size) Temple 12 313 20 327 0 p>0.005
Hand 7 289 20 216 1 45%x107
Abdomen 7 242 24 228 0 p>0.005
Thigh 8 181 20 193 0 p>0.005
Heel 7 93 15 3 1 3.5%x107°
Table 6 Values c.)f.heat capacity, Property Units Skin Fat Muscle Blood Bone (cortical)
thermal conductivity and
density of different tissues [34] Specific heat capacity Kkg 'K 3.39 2.35 3.42 3.62 1.31
Thermal conductivity Wm™ K™ 0.37 0.21 0.49 0.52 0.32
Density gcm™ 1.11 0.91 1.09 1.05 1.91

@ Springer



Heat flow, heat capacity and thermal resistance of localized surfaces of the human body using... 7393

Fig.6 Heat capacity, C, versus
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Fig.7 Equivalent thermal resistance, R.,, versus skin temperature
(Tyi,) for each surface tested (temple, hand, abdomen, thigh, wrist
and heel). The red outlined cloud contains the measurements taken

As shown in Fig. 6, each zone has a different heat capac-
ity. The mean value of the heat capacity is 4.9 J K=! in the
heel, 5.4 J K~! in the hand, 5.6 J K~! in the temple and
thigh, and 5.9 J K~! in the abdomen and wrist. In view of
these results, it is more likely to obtain similar values of heat
capacity in identical areas of different subjects than in differ-
ent areas of the same subject. Note that the standard devia-
tion is not very different from the difference of the mean
values. For this reason, to establish rigorous correlations,

in an area of the wrist that suffered a second-degree burn. Average
=23 °C. (Color figure online)

Trocm

it would be desirable to carry out experiments in a larger
number of subjects. No direct correlations are observed
between heat capacity and heat flow, skin temperature or
thermal resistance.

However, there are some concordances with the refer-
ence values in Table 6. The lowest values of heat capacity
correspond to measurements on the hand, heel and some on
the temple (green, red and blue areas in Fig. 6). Precisely,
the dorsal area of the hand and the temple are closer to the
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metacarpal and skull cortical bone, respectively, which have
a very low heat capacity (see Table 6). It is possible that the
high variability of the measurements at the temple is related
to the proximity to the temporal artery as well as to varia-
tions in skin blood flow. The heel also has a low calorific
capacity, a consistent result as it is an area poorly perfused,
with a thicker stratum corneum and abundant subcutane-
ous fat. The low heat capacity of the heel has already been
reported in other works [21, 23]. The anteromedial aspect
of the thigh, the volar area of the wrist and abdomen (right
flank) have a higher heat capacity, which may relate to their
greater perfusion.

Equivalent thermal resistance discussion (R,)

In Fig. 7, the equivalent thermal resistance is shown for each
area of the human body versus skin temperature. As in the
previous figure, each cloud of points is delimited by col-
oured line. The series of measurements corresponding to
the second-degree burn is also represented, which will be
discussed in “Temporal thermal study of a second-degree
burn on the wrist” section.

The equivalent thermal resistance ranges from 20 to
58 K W~!, and each surface of the human body has a
different equivalent thermal resistance. The mean value
is 34.4 K W~! in the temple, 32.0 KW~! in the hand,
34.3 K W~! in the abdomen, 44.5 K W~! in the thigh,
41.8 K W~ in the heel and 27.3 K W~! in the wrist. Some
concordance is observed between these results and the
reference data in Table 6. The areas with the highest ther-
mal resistance (heel, thigh and abdomen) correspond to
regions that have a higher percentage of fat than the other
areas (wrist, temple and hand). Body fat has low thermal
conductivity, which implies higher thermal resistance. On
the other hand, the areas with lower thermal resistance are
located in regions with higher blood supply and thinner
subcutaneous adipose tissue (wrist, temple and hand). The
variability, the standard deviation and the distribution of
the present results agree with previous studies [19-21].

Wide differences in thermal resistances up to 12 K W~!
are observed between subjects when comparing the same
anatomical regions. These differences are likely due to
between-subjects variation in tissue composition and
perfusion.

The phenomena of vasoconstriction and vasodilation
are part of the body temperature regulation mechanisms.
The higher the blow flow, the greatest the energy trans-
ferred from the skin to the environment. This implies a
higher thermal conductivity (lower thermal resistance).
For this reason, a relationship between heat flow and
thermal resistance is expected. In fact, clear correlation
between equivalent thermal resistance and heat flow was
observed (Fig. 8).
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Fig.8 Correlation between the equivalent thermal resistance and the
heat flow for the thermostat temperature of 26 °C, for each surface
of the human body (temple, hand, abdomen, thigh, wrist and heel).
Regression lines for thigh, heel, wrist and temple are shown. Table 7
shows the fit coefficients

Table 7 shows the parameters of each adjustment made.
There are large differences between zones. The peripheral
zones (wrist, hand and heel) present a higher slope (—6.74
X107, - 6.83x 1077, — 10.7 x 10~%) than the more central
zones (—2.55x107%,-4.73x 107, 4.93x 107%).

General observations

In this work, no significant correlations were observed
between the thermal results and the heart rate or blood
pressure. There are also no significant correlations between
thermal results and relative humidity. Correlations between
human body heat exchange and heart rate, blood pressure
or relative humidity have been reported in several studies

Table 7 Parameters of the linear adjustment between heat flow with
thermostat at 26 °C (A,s) and the equivalent thermal resistance for
each zone

Zone al/W bIW? K Pearson coef.  p value

Temple 0482  —493x102  —0.63 12x107
Hand 0452  —674x1073  —0.57 2.1x107™
Abdomen 0401  —4.73x107  —0.50 4.1x1073
Thigh 0307  —255x107° —042 2.5%x1073
Heel 0478  —10.7x107  —0.76 5.0x107°
Wrist 0482  —6.83x107°  —0.70 6.7x107°

Model adjusted: Agys=a+b-Req (Agys in W, R,q in KW

Mean RMSE value is 33 mW
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[35, 36]. However, our measurements were taken with the
subjects resting peacefully in controlled environmental con-
ditions, and therefore, no great variation in heat flow was
expected due to changes in heat production of blood flow
distribution during the measurements. It would be interest-
ing to determine how much can these variables change with
exercise and other experimental situations affecting envi-
ronmental conditions and cutaneous blood flow to define the
range of physiological variation for each region in humans.

Temporal thermal study of a second-degree
burn on the wrist

This section presents a temporal thermal study of a minor
superficial partial thickness (second-degree) burn injury of
2x 1 cm? in the volar area of the right wrist of subject 1.
The burn was the result of a domestic accident when iron-
ing clothes. The day after the accident, measurements were
taken in that area (A in Fig. 9), and from the 5th day, meas-
urements were also taken in a nearby area (B in Fig. 9).
Images of the lesion on different days are also shown in
Fig. 9. These measurements allow to study the variation of
the thermal properties of burned skin measured over time
(35 days). Figure 10 shows the temporal evolution of the
thermal properties in the injured and non-injured area of the
right wrist (areas A and B of Fig. 9).

The most characteristic change of thermal parameters of
this injured area is the decrease in heat capacity. The nor-
mal value is 5.8 J K~! and in the first week it dropped to
4.2 1K1, 27.6%. This heat capacity decrease agrees with
DSC measurements done by Wiegand et al. [14]. On day
20, there was some bleeding from the wound, coinciding
with a second decrease in heat capacity, which progressively
returned to its healthy state value. As depicted in Fig. 6, the
values of heat capacity of the injured area in the first week

are well below the values of heat capacity of the neighbour-
ing area.

In the first week, there was also a decrease in the equiva-
lent thermal resistance from 27.7 to 24.4 K W1, 11.6%. As
we have already indicated in the previous section, a decrease
in thermal resistance produces an increase in heat flow, and
this is clearly observed in parameter A, that was increased
by 62 mW (422.5%). A slight increase in Az was also
observed. The values of equivalent thermal resistance of the
injured area during the first week are shown in Fig. 7. Most
of the thermal resistance values of the injured area were
below those of the healthy area.

It is interesting to indicate that the transitory contact
energy (A,;7,) of the injured area of the wrist (zone A in
Fig. 9) was lower than that obtained in the healthy zone
(zone B in Fig. 9). The measurements in the lesion were
59.4% lower than in the healthy area (hollow points in
Fig. 5b). In the injured area, the mean value of A; was
1.56 W during the first week, compared to 2.49 W in the
healthy. On the other hand, the time constants 7, are similar
in both cases. A possible cause of this phenomenon is that as
the heat capacity decreases, the energy required to achieve a
thermal equilibrium is lower. Twenty-five days later, all the
thermal parameters reached a steady state at values close to
those of the healthy neighbouring area after 25 days.

Conclusions

A calorimetric sensor has been used to measure in vivo the
heat flow of the human body cutaneous surface in 6 zones of
6 subjects at rest, for two different temperatures of the sensor
thermostat (26 and 36 °C). The heat capacity and thermal
resistance have been determined.
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Fig. 10 Temporal evolution of the flow of heat A, and A, of the equivalent thermal resistance R., and of the heat capacity C, in the injured

and healthy areas of the right wrist (areas A and B of Fig. 9)

The heat flow in resting conditions varies depending on
the zone, from 36 to 362 mW for the sensor thermostat at
26 °C. This magnitude is proportional to the difference in
temperature between the skin and the environment and its
value is different in each area. The heat flow is higher in
central than peripheral regions, likely due to differences in
tisular perfusion as indirectly indicated by the higher skin
temperature of the central areas. There were also differences
related to age. For the population considered, older subjects
dissipate more energy than younger subjects; in the heel and
the hand but not in the other zones. The equivalent thermal
resistance at rest ranges from 20 to 58 KW ™!, It is differ-
ent in each area and depends on the physiological state of
the subject. It is higher in areas prone to fat accumulation
and lower in peripheral areas or close to the bloodstream.
This magnitude is inversely proportional to the heat flow.
The proportionality factor has been evaluated and is differ-
ent in each area. The heat capacity at rest varies little, and
each area has a different value, which depends mainly on the
anatomy of the region studied. The lowest heat capacities are

@ Springer

detected in the hand, the heel and the temple, and the largest
in the abdomen and wrist.

Measurements taken on a 2 1 cm? second-degree burn
on the wrist of one of the subjects have been presented. Heat
capacity is reduced during the first week after injury and
then stabilizes back to its normal value. The equivalent ther-
mal resistance decreases, producing an increase in the heat
flow, and the transient contact energy presents lower values.
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